Resin transfer moulding is a production method of fibre reinforced plastics which involves the flow of a resin through a mould packed with dry reinforcement. As simulation by finite element code can be a useful tool in designing the mould or optimising the process, mathematical modelling of RTM is indispensable. The equations concerning the isothermal RTM process with a Newtonian fluid are implemented in the finite element program VIp, applying the 'thin film approximation'. To validate the code, model experiments are performed in which the position of the front as a function of time is monitored and compared to the results of a finite element simulation. A good agreement between simulation and experiment was found. For further validation of more complex mould geometries a plate with inserts is considered. Again good agreement was found between simulation and experiment was found. The finite element code of VIp proves to give reliable and accurate results in the simulation of the isothermal filling process of RTM and can therefore be used for designing mould geometries or optimisation of the RTM process as a whole.
Introduction
Resin transfer moulding (RTM) is a process for the production of composites [1] . In this process a mat, fabric or preform of fibres is placed into a mould. After the mould is closed the resin is 'transferred', via an inlet, into the mould. The transfer of the resin is achieved by applying a pressure difference between the in-and outlet(s).
RTM allows for a large versatility of product geometries. Combined with the possibility to place the reinforcement in any desired way and orientation, a high fibre volume fraction (up to 60%), low void content and good surface finish, this makes RTM a very attractive process. Moreover, due to the low injection pressures, the equipment needed for RTM is rather simple and universal. Therefore, the investments for a new product mainly concern the production of a new mould shape. Furthermore the process is highly automatable through robotics and computerisation, allowing a high production rate. Another advantage of RTM is the lower emission of styrene compared to manufacturing methods like hand lay-up, spray-up or filament winding. In future, restrictions on styrene and other chemical emissions might force companies to convert conventional composite manufacturing processes into closed-mould processes. Application of the process is limited by the complexity of the mould shapes and/or cost of the tool.
A 'trial and error' approach to mould design may yield a poorly shaped and poorly conditioned mould which produces products that do not meet the requirements. Therefore it is essential to be able the predict the filling process of the mould. The filling process can be simulated with a finite element code. In this simulation, for example, influence of mould geometry, positions of inlets and outlets and filling times can be predicted. The finite element package used here for simulations, is called VIp (' Six P': Polymer Product & Processing Properties Prediction Program) [2, 3] . VIp is an in-house development program from Eindhoven University of Technology, based on the finite element library SEPRAN [5] . It is used to perform fundamental investigation into mould filling processes like RTM and injection moulding. The advantages of such a development program over commercially available packages are the possibilities to include or adapt subroutines for specific problems and to implement different material models, flow front models etc.. Therefore a good understanding of the source code is required. The outcome of such a simulation can also be used for optimising the process as a whole. The numerical output of VIp and a finite element package in general is only useful if the results are reliable, accurate and interpreted correctly. Since validation of the code is indispensable, this study is focussed on the validation of VIp RTM simulations by means of experimental results. To this end, two geometries with a one-dimensional flow, of which an analytical solution is known, are considered: (i) a rectangular cavity with a line gate and (ii) a square cavity with a point gate. Afterwards an extended validation is performed, simulating the filling process of a more complex geometry with inserts. Although these geometries are quite simple, they give a good insight into the fundamental problems in RTM. Future research can be extended into more complex geometries (curved surfaces etc.) which can be modelled in VIp.
Governing equations
The complete RTM process can thoroughly be analysed deriving the balance equations (conservation of mass, momentum, moment of momentum and energy). However, the set of equations can be simplified by assuming:
• Forces due to gravity and inertia, surface tension and capillary pressure effects can be neglected in comparison with pressure forces and viscous effects.
• Fibre mats, fabrics or preforms are rigid and do not move during filling.
• The mould is also rigid. The pressures acting in RTM are low and will, therefore, not cause any deflection of the mould.
• The process is assumed to be isothermal and the resin is a Newtonian fluid.
The remaining set of equations consists of the conservation of mass and momentum. Conservation of mass (or continuity equation) for RTM states:
\l.q=---+v·\lp p 8t (1) where v is the velocity of the resin, if the specific flow or seepage velocity of the resin, 'lj; is the porosity of the reinforcement and p is the density of the resin. As the process is considered isothermal with an Newtonian fluid, the filling process of the mould can adequately be described by the empirical Darcy's law:
where Vp the pressure gradient, TJ the viscosity and K is the permeability tensor of the porous medium. The relationship between flow and pressure gradient can also be derived from the equation of motion [7] .
Computational Methods
Simulation of the filling can either be done with afixed grid approach, where progression of the front is followed on a constant mesh throughout the simulation, or by moving grid techniques, which consists of re-meshing the resin saturated part of the mould at each time step [2, 3] . In VIp, the Galerkin method with a moving grid technique is used. The basis of modelling moulding processes is usually the thin-film approximation [4, 6] . This approach assumes the thickness of the product to be much smaller than the length and width. Furthermore the pressure is assumed constant over the thickness and the velocity components in thickness direction are negligible compared to those in midplane directions. Since in common practice, RTM is used to mould shell-like structures, this approach is reasonable. In midplane directions a quadratic 2D mesh is generated to solve the pressure problem. In each nodal point a grid line (linear ID mesh) over the thickness is defined. This gives the possibility to investigate, for example, the velocity over the thickness. This approach is often referred to as the 2! D approach. This model has been implemented in an injection moulding program called VIp, which employs the finite element method [3] . It is based on the SEPRAN finite element package for fluid dynamics [5] . Solving of the relevant equations is done using an Euler implicit scheme. Applying discretisation and operator splitting to the pressure equation yields the equation that has to solved numerically:
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where~oo is the isothermal compressibility coefficient and Pc the solution of:
For every time step, the pressure and pressure gradient fields are initially estimated from the previous time step. For the first step they are based on boundary and initial conditions. From these estimations, the new pressure is determined iteratively. Furthermore, the time step is corrected using mass conservation. The finite element method is used to compute an approximate solution in space. The 2D mesh consists of quadratic nine-noded quadrilateral surface elements. These elements yield an accurate approximation of the pressure gradient, which determines the accuracy of the velocity field. A Galerkin finite element method is used to solve the equations.
Experimental methods
The fibre mats used are Unifilo 750 mats [8] . These mats consist of continuous swirled glass fibres. In the experiments, the volume fraction of fibres used is about 15% (i.e., porosity is 0.85) [5] . The permeability was determined in a one-dimensional setup (~= 3.2 * 10-9 m2). The spread in these measurements was, however, rather large (±0.5 * 10-9 m2). The resin system used is an unsaturated polyester resin (Synolite 0364-N-l, DSM) and is designed to cure at room temperature after about one hour. The most important property of the resin for the experiments is the viscosity. A dynamic mechanical thermal analysis (DMTA) was performed on the Rheometries RFSII using a plate-plate geometry. In this experiment the viscosity is derived from shear stress measurements in a resin film between two circular plates (a stationary and a rotating plate).
The data obtained at different shear rates (at room temperature) prove that the viscosity is independent of the shear rate (Newtonian). After about 3000 seconds the resin starts curing and the viscosity increases rapidly. Since the typical process time in our RTM experiments is in the order of 300 seconds and the viscosity is independent of the shear rate, an isothermal simulation using a Newtonian fluid is justified for this resin system. The viscosity was found to be 0.26Pa.s..
The mould, used in the validation experiments, consists of two flat plates (one steel bottom plate and one transparent PMMA top plate) which are equally stiff. Four spacers create a cavity with a depth of 5 mm, a width of 240 rnm and a length of 790 mm. In the bottom plate 9 holes are drilled, which either can be used as inlets, outlets or just closed with a cap. Before the top plate is bolted to the bottom part, the reinforcement is placed into the cavity and the mould is closed.
After the mould has proven to be air tight, the outlets are connected to a vacuum system (consisting of a vacuum pump, some valves and a reservoir for the polyester). The resin is injected due to the ambient pressure at the reservoir. The pressure in the mould, i.e. at the flow front, can be controlled with the valves of the vacuum system. The entire process is monitored by a video camera (see Figure 1) . By adding pigment to the resin the contrast between reinforcement and resin is visible and allows us to process the video images digitally. The progression of the front can be measured by determining the number of pixels of the filled volume. The monitored progression of the flow front as a function of time can be compared to the simulation at exactly the same moment in time.
Results
The experimental validation is performed for a one-dimensional plane flow from a line gate and a one-dimensional radial flow from a point gate. The line gate is obtainedby omitting reinforcement at the entrance of the cavity (80 mm). The pressure drop over the slit without reinforcement is negligible compared to the pressure drop over the reinforcement. Therefore, this setup can be seen as a line gate with ambient pressure prescribed. The point gate is achieved by locating the inlet in the centre of the mould. In both experiments an absolute pressure of 500 mbar is applied at the outlets.
For the plane flow, the position of the front (distance from inlet to front) is given in Figure 2a , which shows a good agreement between experiment and simulation. The slight differences be- tween experiment and simulation could be caused by some pressure losses occurred in the tubes and in the construction of the line gate. Still these differences are within the range of the permeability measurements. For the radial flow experiment the same procedure is followed. The results are given in Figure 2b . For the radial flow no extra problems were encountered and again the experimental and numerical results are in good agreement although the front moves slightly slower in practice than in simulation. Again, a pressure drop will occur in the tube from reservoir to inlet. Due to the set up, a longer tube is required which resulted in a lower pressure at the inlet and a slower progression of the front. Again, the differences are within the range of the permeability measurements.
Simulation programs such as VIp can be used to simulate complex geometries in order to predict whether problems can occur and to locate vents and inlets strategically. A result of poorly positioned inlets and vents can be air encapsulation. In the experiments performed here, a pressure lower than ambient pressure is applied at the vents. In VIp, air entrapment is not possible as the mesh does not exist at locations where there is no resin. However, the simulations still show the critical positions for possible air vents. The experiment performed is a rectangular cavity with two rectangular inserts. The pressure drop over the resin is 500 mbar. The pressure at the inlet is the ambient pressure while at the outlets a vacuum pump is connected. The inlets on the left side of the mould are used and the air vents are placed at the very end of the mould. As the process is VARTM (vacuum assisted resin transfer moulding) and some leakage occurred at the sealings of the inserts, no air was entrapped. However, in Figure 3 at t = 131.8
and t = 165.2, it can be seen that in conventional RTM air would be entrapped between the two inserts as a result of the two merging flow fronts. Locating another inlet between the inserts will prevent air entrapment, providing that this extra inlet opens at a certain moment after the first inlet is opened. VIp simulations can predict the influence of the positions of inlets and outlets and the delay in time of the opening of the inlet on the positions of the merging flow fronts. Moreover, the position and shape of the flow fronts is also described very accurately.
Conclusions
In this study the filling process in RTM was investigated. The governing equations were derived combining the balance equations with some assumptions and simplifications. Since the process is considered isothermal and resin is a Newtonian fluid, the process can be described adequately by Darcy's law. This model was implemented in a finite element program called VIp. Investigating the reliability and accuracy of the program requires experimental validation. Therefore model experiments, using line gate and point gate injection, and a more complex geometry of a plate with two inserts were performed. The model experiments with both plane flow and radial flow are in good agreement with the numerical results. Also for a more complex geometry with inserts, the positions and shape of the flow fronts in time are in good agreement with VIp simulations. The simulation can also be used to predict possible air encapsulations
